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ABSTRACT 

We show that the diversity in the density slope of the dense wind due to non-steady mass loss can 
be one way to explain the spectral diversity of Type II luminous supernovae (LSNe). The interaction 
of SN ejecta and wind surrounding it is considered to be a power source to illuminate LSNe because 
many LSNe show the wind signature in their spectra (Type Iln LSNe). However, there also exist LSNe 
without the spectral features caused by the wind (Type IIL LSNe). We show that, even if LSNe are 
illuminated by the interaction, it is possible that they do not show the narrow spectra from the wind 
if we take into account of non-steady mass loss of their progenitors. When the shock breakout takes 
place in the dense wind with the density structure p oc , the ratio of the diffusion timescale in the 
optically thick region of the wind {td) and the shock propagation timescale of the entire wind after 
the shock breakout {tg) strongly depends on w. For the case w < 1, both timescales are comparable 
[td/tg — 1) and td/ts gets smaller as w gets larger. For the case td/tg ~ 1, the shock goes through 
the entire wind just after the light curve (LC) peak and narrow spectral lines from the wind cannot 
be observed after the LC peak (Type IIL LSNe). If td/tg is much smaller, the shock wave continues 
to propagate in the wind after the LC peak and unshocked wind remains (Type Iln LSNe). This 
difference can be obtained only through a careful treatment of the shock breakout condition in a 
dense wind. The lack of narrow Lorentzian line profiles in Type IIL LSNe before the LC peak can 
also be explained by the difference in the density slope. Furthermore, we apply our model to Type Iln 
LSN 2006gy and Type IIL LSN 2008es and find that our model is consistent with the observations. 

Subject headings: supernovae: general — supernovae: individual (SN 2006gy, SN 2008es) — stars: 
mass-loss — shock waves — radiative transfer 



1. INTRODUCTION 

Shock breakout is a phenomenon which is predicted to 
be observed when a shock wave emerges from the sur- 
face of an exploding star. Before the shock wave ap- 
proaches the surface of the star, the diffusion timescale 
of photons is much longer than the dynamical timescale 
of the shock wave because of the high optical depth of 
the stellar interior and photons cannot go out of the 
shock wave. At the stellar surface, the optical depth 
above the shock wave suddenly becomes low enough for 
photons to diffuse out from the shock wave and pho- 
tons start to travel away from the star. This sud- 
den release of photons is predicted to be observed as 



tered by the wind. Photons emitted from the shock dif- 
fuse in the wind and the light cur ve (LC) of the shock 
breakout becomes broader (e.g.. iFalk fc Arnettj 119771 : 
iGrasberg fc NadezhinI [19871 : iMoriva et al.ll2011[ ). If the 
wind is much denser, the shock breakout itself can take 
place in the wind. The shock breakout in the dense wind 
is related to astr ophysical phen omena, e.g., PTF 09u .i 
(jOfek et al.ll2T)Tl . XRO 080109 (iBalberg fc Loebl[20Tll) 
and p roduction of hig h energy parti cles (iMurase et al. 
120111: iKatz et al.ll2011l) . In particular. IChevalier fc Irwin 
( 201 Ih associate luminous supernovae (LSNe) to the 
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tually observ ed for several times, e. g., XRO 080109/SN 
2008D (e.g., iSoderberg eTap HOOI) and SNLS-04D2dc 
(jSchawinski et al.ll2008l : iGezari et a"l]|2009f ). 

If the circumstellar wind of the SN progenitor is dense 
and optically thick, the shock breakout signal is al- 
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shock breakout in the dense wind. 

Many LSNe are believed to be brightened by the 
shock interaction between SN ejecta (or materials re- 
leased fror n stellar surface) and the dense circumstellar 
wind (e.g.. iSmith fc McC rav"2007: 'Wooslcv et al.' '20071: 
Ivan Marie et al.l l2010r Blinnikov fc Soro kina 2010)^. 
This is because many LSNe are spectroscopically clas- 
sified as Type Iln SNe which show narrow spectral 
lines from the wind surrounding SN ejecta^ (e.g. . 
Smith ct a lj [20l3 [ Drake ct al.' '201(7; 'R est et al.l [MB 
Chatzopou los et all 2011: Drake et al. 20fi|). For exam- 



ple, SN 2006gy shows Lorentzian H Balmer lines with 
the f ull width at half m aximum velocity ~ 1, 000 km s~^ 
(e.g.. ISmith eraI1[2010l ) which are suggested to originate 

* There are other suggestions for energy sources to brighten 
LSNe : e.g., huge a mount of ^"^Ni produced during SN explosions 
('e.g.. lGal-Yam et al. 2009; Young et al. 2010; Moriva ct al. 201(1 
newly born magnetars (e.g.. iMaeda et al.ll2007l : iKasen fc Bildste: 
HoiO; Woosley 2010), and optical afterglows of gamma-ray bursts 
(e.g.. I Young et al.n2005l). 

^ See, for example, ISchlegell 119901) ; IFilippenkd l fT99W) for the 
spectral classification of Type Iln and other SN types. 
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from the dense wind (e .g., IChugail 120011 : IChugai et alj 
l2004HDessart at al.ll2009[ ). In addition, SN 2006gy shows 
narrow P-Cygni profiles from a ~ 100 km s~^ outflow 
which is also presumed to stem from the win d surround- 
ing the SN ejecta (e.g., ISmith et al.l l2010l ). However, 
there commonly exist LSNe without narrow spectral lines 
from the circumst e llar wind (e.g:.. iQuimbv et al.l [20071 
Miller et all 120091: [Ge"zari et al.n2009l: iPastorello et al.l 



20101: IQuimbv et al.i l2011l: iChomiuk et al.ll201lD Based 
on the LC shapes of LSNe. IChevalier fc Irwin! ()201lD 
show that, if the shock breakout takes place inside the 
dense wind, the SN is observed as SN 2006gy-like Type 
Iln LSNe and, if it takes place at the surface, the SN is 
observed as SN 2010gx-like non-Type Iln LSNe. 

In the previous works on the shock breakout in a dense 
wind, the density slope of the wind has been assumed 
to be ~ —2 which is a consequence of the steady mass 
loss of the progenitor. However, non-steady mass loss 
is actually observed in the massive stars which are sug- 
geste d to be possible pro genitors of LSNe, e.g., y Carinae 
fe.g..lDavidson fc Humphrev s 199?! : I Gal- Yam fc LeonardI 
|2009() . In addition, historical X-ray SN observations are 
suggested to indicate that mass loss from progenitors of 
Type Iln SNe is inconsistent with the steady mass loss 
(jPwarkadas fc Gruszkol [20121 ). Here, we investigate the 
influence of non-steady mass loss on the shock breakout 
in the dense wind and show that the diversity in the 
wind density slope caused by the non-steady mass loss 
can explain why some Type II LSNe show narrow spec- 
tral components from the wind (Type Iln) while others 
do not (Type IIL) even if both LSNe are illuminated by 
the shock interaction. Our model is presented in Section 
[5] and it is applied to LSNe in Section [3] We discuss 
our results in Section Conclusions are summarized in 
Section [5] 

2. EFFECT OF DENSE NON-STEADY WIND 

2.1. Wind Configuration 

We consider a spherically symmetric dense wind ex- 
tending from r = Ri to r ~ Rq where r is radius. The 
density p is assumed to follow p{r) = Dr~'^ with a con- 
stant D. The opacity k of the wind is assumed to be 
constant throughout this paper. Although our model is 
applicable to any uniform compositions with a constant 
K, we mainly consider H-rich winds throughout this pa- 
per. We assume that a SN explosion has occurred in 
the dense wind and that the shock bre akout occurs in 
the wind (e.g., IChevalier fc Irwinll2011l see Section [T]). 
The radius of the forward shock at the time of the shock 
breakout is set to r = xRq. Note that the entire wind 
above the progenitor star is optically thick because of the 
assumption that the shock breakout occurs in the dense 
wind. We also introduce a radius UtRo where the optical 
depth evaluated from the wind surface becomes r, i.e.. 



Ro 



npdr. 



(1) 



2.2. Shock Breakout Condition in Non-Steady Dense 

Wind 

Shock breakout in a wind had been simply defined to 
occur when the diffusion timescale of the entire wind is 



comparable to the shock propagation timescale of the 
entire wind, i.e., 

npdr ~ — (2) 

IxR^ 

(see, e.g.. lWeavei<1976HNakar fc Sarill2010l for the details 
of the shock breakout condition). 

However, the wind could contain a large optically thin 
region even if the entire wind is optically thick. Figure [T] 
is a simplified illustration of the effect of w in the dense 
wind. Two dense winds with the different w but the same 
Ro and xRo are compared in the figure: (a) a wind with 
a constant density and (b) a wind with a steep density 
gradient. In both cases, the shock breakout is assumed 
to occur in the wind at the same radius r = xRo {x < 1) 
with the same forward shock velocity Vg and thus the 
optical depth between xRo and Ro is exactly the same in 
both cases (r^). One of the important differences in the 
two winds are in the radius of the last scattering surface 
UiRo, where r = 1 (see Figure [2| in the following for the 
value of Ui). Even if the entire wind is optically thick 
in both cases, the region where r becomes larger than 
1 (r < yiRo) is more concentrated to the central region 
and the wind contains larger optically thin region outside 
whose size is AR = Ro — yiRo in the case of large w. 

If the wind contains an extended optically thin region. 
Equation ((2|) is no longer an appropriate condition for 
the shock breakout because it postulates that the entire 
wind at r < Ro is optically thick enough for photons to be 
diffusive. The shock breakout condition should be evalu- 
ated only at the optically thick region where photons are 
diffusive. Thus, the shock breakout should occur when 
the diffusion timescale of the optically thick region of the 
wind is comparable to the shock propagation timescale of 
the region. Hence, the shock breakout condition should 
be set as 

Kpdr ~ — , (3) 

where c is the speed of light and r^; = Tf, — 1 . In Equation 
([3]) , we presume that photons diffuse in the region where 
the optical depth evaluated from the wind surface ex- 
ceeds 1 for simplicity. I.e., photons are assumed to diffuse 
at Ri < r < yiRo and freely stream at yiRo < r < Ro- 
In this sense, Equation (jS]) may also be interpreted as 
Equation ^ combined with a kind of fiux limited diffu- 
sion approximation. For the case of the shock breakout 
at the surface of the wind (a; ~ 1), the conditions of 
Equations ^ and ([3]) are similar. 

Since the observations of Type II LSNe display a con- 
stant shock velocity unt il some time in t he declining 
phase of their LCs (e.g.. lSmith et al.ll2010l ). we assume 
that Vs is constant. This assumption can be wrong if the 
shocked wind mass becomes comparable to the SN ejecta 
mass. Equations ([1]) and ([3]) lead us to 

{1-W){l + C/Vs) ( / 1 N 

(4) 

7^ = 
In addition, using Equation Q, we can express j/t as 



c/vs+rx 



{w = l). 



(5) 



Shock Breakout in Non-Steady Dense Wind 




yiRoRo 



yiRo Ro 



Fig. 1. — Illustration of the density and the optical depth distributions for the winds with different density slopes: (a) a flat density 
slope and (b) a steep density slope. The corresponding (I) density structures and (2) optical depth distributions are shown. The shock 
breakout is assumed to occur at the same r = xRo with x < I where the opacity r from Ro becomes t;,. All the opacities shown in the 
figure is evaluated from Ro ■ Large T < 1 region appears in the outer part of the wind in (b) . See Figure |4] for the concrete examples of the 
distribution. 



Figure [2] shows a plot of yi as a function of x for several 
w. Larger w leads to smaller yi for a given x, as is 
discussed qualitatively above. 
Finally, the wind mass M^ind is defined as 

n-Ro 



wind 



Attt pdr 



Using Equation ([4]), we get 



27r(l+e/uJ(fl^-J?|) 
k{— In x) 



(6) 

[w = 1), (7) 



2.3. Timescales of Photon Diffusion and Shock 
Propagation in Dense Wind 

Here, we estimate the timescale of photon diffusion {td) 
which characterizes the LCs of LSNe and the timescale of 
the shock propagation {tg) which represents the timescale 
for the forward shock to go through the entire wind, td 
corresponds to the timescale for the LC to reach the peak 



8'iT(l+c/v,)\n(Ra/Ri) 
k(x-^-1)Ro'^ 
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Fig. 2. — Location of the last scattering surface in the wind. 
The region r > yiRo is optically thin and photons do not diffuse 
in the region. 

(e.g.. lArnettlllQSOl |1982|) . td can be expressed as 



T,{Ro - xRo - AR) 
c 

TxiVlRo - xRo) 



iw = l). 



(8) 

(9) 
(10) 



ts is defined as the time required for the forward shock to 
go through the entire wind including the optically thin 
region after the shock breakout. 

ts = (11) 

Hence, we can derive the ratio of the two timescales: 



td 

ts 



1 

1-x 



1-x 



\ c/vs + 1 ) 



{w = l). 



(12) 



Figure [3] shows the ratio as a function of x with several 
w, in which Vg is set to 10,000 km s~^ corresponding to 
the observational value of SN 2008es (see Section [X^ . 
Every line reaches td/tg ~ c/ [vg + c) — 0.97 at a; ~ 1. 
This corresponds to the c ase of the shock breakout at the 
surface of the wind (e.g., IChevalier fc Irwiiill2011|) . 

When the shock breakout occurs inside the wind [x < 
1), the ratio td/tg varies depending on the density slope of 
the wind. For a given x, td/ts gets smaller as the density 
slope of the wind gets steeper (i.e., larger w). This is 
because the last scattering surface of the wind locates 
farther away from the surface as the density slope gets 
steeper, i.e., yi gets smaller as w gets larger for a given 
X (see Figure [2] for values of yi). In other words, the 
optically thin region in the wind is spatially larger for 
the wind with steeper density gradient. This is true even 
if the wind radius is the same. We note again that, when 
the shock breakout occurs in the wind, the forward shock 
reaches the last scattering surface (r = yiRo) with the 
diffusion timescale td, i.e., the shock locates at r = yiRo 
at the LC peak. 



Fig. 3. — Ratio of the diffusion timescale (t^) and the shock 
propagation timescale {ts) as a function of the location of the shock 
breakout {x). 



2.4. Observational Features and Diversities of 
Interaction-Powered LSNe 

In this section, we present consequences from the vari- 
ation in td/ts which results from the variation in w. We 
show that the two kind s of Type II LSNe , i.e.. Type Iln 
LSNe (e.g., SN 2006gv. [S^h et al.llMol) and Type IIL 
LSNe (e.g., SN 2008es. iMilier et al.l 120091: iGezari et al.l 
l2009( l. are naturally expected from the shock breakout 
in the dense H-rich wind with the different density slope. 

If we assume that both types of LSNe are illuminated 
by the interaction of the H-rich dense wind and SN ejecta 
and that the wind is so dense that the shock breakout 
occurs in the wind, the spectral evolution of LSNe is 
determined by td/ts. 

If td/ts ~ 1, the shock wave reaches the surface of the 
dense wind soon after the LC has reached the peak with 
the timescale td- Since the entire wind is shocked just 
after the LC peak, no signature in spectra from the wind 
is observable after the LC peak. On the other hand, 
if td/ts < 1, the shock wave continues to propagate in 
the optically thin region of the wind even after the LC 
peak. As there remain unshocked materials in the wind 
even after the LC peak, we expect to see narrow P-Cygni 
profiles from the unshocked wind even after the LC peak. 

To sum up. Type IIL LSNe can come from the dense 
wind with td/ts ~ 1 while Type Iln LSNe can result 
from the dense wind with td/ts < 1. The ratio of the 
two timescales is determined by w. 

The narrow Lorentzian line profiles w hich are sug- 
gested to be caused by the dense wind (e.g. . IChugaill200ll : 
iDessart et"aI]|2009D can appear before the LC peak de- 
pending on the optical d epth of the wind. If we apply the 
model of iChugail (|2001[ ). the ratio U of the unscattered 
Ha line flux to the total Ha line flux of the Lorentzian 
profile is 

1 - er^ 

. (13) 



For the case of flat density slopes, r remains too high un- 
til the forward shock reaches the surface (Figure[T]) and U 
is expected to be very small for a long time before the LC 
peak. On the other hand, if the density decline is steep, 
the optical depth decreases gradually with time and the 
suitable optical depth for the appearance of Lorentzian 
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profiles would be realized for a long while. Therefore, 
Lorentzian lines are expected to be observed well before 
the LC peak for Type Iln LSNe. 

The LC evolution of Type II LSNe is also consistent 
with our models. In our models for both Type Iln and 
Type IIL LSNe, the forward shock stays in the dense 
wind until the LC peak. As the wind with r > 1 is 
shocked with the timescale of td, the dense wind adia- 
batically cools down after the LC peak. Thus, the LCs 
of Type II LSNe are supposed to follow the shell- s hocke d 
diffusion model presented by ISmith fc McCravl ()2007t ). 
The shell-shocked diffusion model is based on the adia- 
batic cooling of the shocked dense wind, which is basi- 
cally th e same as the LC model suggested for Type II 
SNe bv lArnetH ()1980[ ). and the model had been already 
shown to be consi stent with the declining phase of the 
LC of SN 2006gy (ISmith fc McCravl [200l . However, it 
should be noted that the model is too simplified and 
m any effe c ts wh ich cannot be treated by the formulation 
of lArnettI ()1980[ ) are ignored in the model. For example, 
the model assumes a constant opacity and it ignores the 
presence of a recombination wave which is supposed to 
be created in the diffusing shocked shell. Thus, we can- 
not confirm that our model is consistent with the LCs 
of Type II LSNe just by the comparison with the shell- 
shocked diffusion model and numerical LC modeling is 
required to see if our models are consistent with Type II 
LSN LCs. 

3. COMPARISON WITH OBSERVATIONS 

In the previous section, we have shown that, if the 
shock breakout occurs inside a dense wind {x < 1), the 
ratio of the timescale of the photon diffusion to that of 
the shock propagation in the wind depends on the wind 
density slope and thus the different density slope can 
result in two kinds of Type II LSNe, i.e.. Type Iln and 
Type IIL LSNe. As an example, we apply our model 
to two LSNe: Type Iln SN 2006gy and Type IIL SN 
2008es. If we look into Type Iln LSN 2006gy and Type 
IIL LSN 2008es, one important difference is the existence 
of narrow P-Cygni profiles in the spectra of SN 2006gy 
after the LC peak. Based on the observational feature, 
we can guess that Type IIL LSN 2008es came from the 
dense wind with td/tg — 1 while Type Iln LSN 2006gy 
resulted from the dense wind with td/tg < 1. We apply 
those models to the two LSNe. In this section, k is set 
to 0.34 cm^ g-i. 

3.1. Type Iln LSNe (SN 2006gy) 



SN 2006gy is extensively studied b y, e. g., 'Ofek et al.l 
.Smith e t al.^ ' (2003 ; IS^ith fc McCray. 



200 



200 



,,Smith e t al. 
IWooslev et al.1 



(20071): 
(120071 ): ISmith et al.l 



Agnoletto et al.l (|2009D: iKawabata et al.l 
Smith et al.l (|2010[ ) : iMiller et al.l (|2010[) . It is clas- 
sified as Type Iln a nd the lum inosity reaches ~ —22 
mag m the R band (ISmith et al . 2007 ). The detaile d 
spectral evolution is summarized in ISmith et al.l ()2010[ ). 
The narrow P-Cygni Ha lines with the absorption 
minimum of ~ 100 km s~^ are considered to come from 
the wind surrounding the progenitor of SN 2006gy. As 
SN 2006gy shows narrow P-Cygni profiles after the 
maximum luminosity, an unshocked wind is supposed to 
remain after the maximum. Thus, models with td/ts < 1 
and 2/1 < 1 are preferred. Based on the observations of 



ISmith et al.l ()2010l ). we adopt the following parameters: 

(14) 
(15) 



-5,200 km s~\ 
td — 70 days. 



Vs is constrained by the evolution of the blackbody radius 
and td is obtained from the rising time of the LC. As the 
narrow Ha P-Cygni pro file is detected at 179 days'' and 
disappears at 209 days (jSmith et al.ll2010( ). we presume 
that the forward shock has gone through the entire wind 
between 179 days and 209 days. We simply take the 
central date (194 days) as the time when the forward 
shock has gone through the entire wind, i.e., tg ~ 194 
days. With td, tg, and Vg, we can estimate x and Rq for 
a given w from Equations ([TU| and ([TT|) . 

If we adopt the model with w = 2, for example, 
X and Ro are estimated to be 0.0095 and 8.8 x 10^^ 
cm, respectively. In this case, shock breakout occurs 
at xRo — 3.2 X 10^^ cm and the last scattering sur- 
face is yiRo — 3.2 x 10^^ cm. The total wind mass is 
M.jviiid ~ 0.81 Mq (c.f. Ri -C Ro) and is much smaller 
than the value estimate d from the shell-shocked diffusion 
LC model (~ 10 M©; ISmith fc McCravll2007l) . How- 
ever, the shell-shocked diffusion model is a too simplified 
model and we cannot exclude this model just because of 
the inconsistency with it, as is noted in the previous sec- 
tion. Alternatively, if we adopt a steeper density gradient 
w = 5, x and Ro are estimated to be 0.17 and 1.05 x 10^^ 
cm, respectively, and thus xRo ~ 1.8 x 10^^ cm and 
2/1 i?o — 4.9 x 10^^ cm. yiRo is consistent with the black- 
body radius at the LC peak estimated from the obser- 
vations (6 X 10"'^^ cm). If we assume that Ri ~ 10^^ cm. 
the mass contained in the optically thick region {Ri < 
r < yiRo) is 22 Mq in our w = 5 model. In this case, 
the mass of the entire wind becomes A/wind — 23 Mq. 
The left panel of Figure 01 is the optical depth and the 
enclosed mass distributions. The existence of the un- 
shocked wind may also account fo r the weakness of th e 
X-ray emission of SN 2006gy (e.g.. IWooslev et al.l l2007^. 

The spectral evolution of SN 2006gy is also consis- 
tent with our model. Lorentzian H Balmer lines seen in 
the spectra of SN 2006gy ar e presurned to be caused by 
the o ptically thick wind (e.g.. lChugaill200ll : lDessart et al.l 
l2009t ). For example, for the case w = 5, r become ~ 10 
at around 3 x 10^^ cm (Figure [4]). This is consistent 
with r ~ 15 at 36 days which is estimated from the ob- 
served ratio U derived from Ha (jSmith et al.ll201Cil ). In 
our model, the Lorentzian line profiles are expected to 
be observed before the forward shock wave goes through 
the optically thick region of the wind, i.e., before t^, and 
thus, the Lorentzian spectra should disappear after the 
LC pea k. This is also con sistent with the spectra of SN 
2006gy (ISmith et al.ll2010l) . 

Narrow Ha P-Cygni profiles can be created at the op- 
tically thin wind above the last scattering surface of the 
continuum photons {yiRo < r < Ro) because of the 
larger line opacities. Whether the narrow Ha P-Cygni 
profiles can be formed or not depends also on the ion- 
ization level of the wind and thus the spectral modeling 
must be performed to sec whether the narrow Ha pro- 
files are actually synthesized in the unshocked wind in 
our model. 

^ Days since the exp l osion. The explosion date is set to be the 
same as m ISmith et all ll2010i'l . 
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Fig. 4. — Left: Optical depth and enclosed mass distribution of the models w 
the left panel but for the models of LSN 2008es (w = 0, 1). 



2 and 



5 applied for LSN 2006gy. Right: Same as 



3.2. Type IIL LSNe (SN 2008es) 

Here, we apply our model to SN 2 008es which is one 
of the best observ ed Type IIL LSNe (jMiller et all [20091: 
iGezari et al']|2009D . Although SN 2008es does not show 
any features of the wind in the spectra, we assume that 
it is also illuminated by the interaction based on their 
brightness, rapid decline of the LC, and blue spectra. 
In our model, the lack of the wind features after the LC 
peak can be explained by the small difference in td and tg 
because the entire wind is shocked by the forward shock 
just after the LC peak. In other words, yi should be 
close to 1. This can be achieved by the wind slope with 
w < 1 for the case of x < 1 (Figure [2]). 

The following parameters are estimated from the ob- 
servations: 

u^~10,000 km s-\ (16) 
<d =i 23 days. (17) 

If we adopt the model of = 0, j/i is close to 1 and 
Ro ~ Vgts — yiRo — 2 X 10^^ cm. yiRo is consistent 
with the blackbody radius at the LC peak estimated 
from the observations (3 x 10^^ cm). Assuming x = 0.1 
and Ri <C Ro, the wind mass is Mwind — 0.85 A-Iq. 
-^wind does not vary so much on x unless it is close 
to 1. The model with w = 1 also gives yi ~ 1 with 
Mwind — 0.50 Mq. The right panel o f Figure H shows the 
optical depth and mass distributions. iMiher et all ()2009[ ) 
estimate Mwind — 5 M(7i based on the shell -s hocked diffu- 
sion L C model of ISmith &: McCravl ()2007t) . iGezari et all 
()2009D obtained M^ind — 0.2 Mq based on the peak lu- 
minosity. Mwind of both w = and w = 1 models are 
almost consistent with those estimates. 

Lack of the Lorentzian H Balmer lines before the LC 
peak is another important difference between Type IIL 
LSN 2008es and Type Iln LSN 2006gy. For the case of 
the flat density slope, the wind optical depth remains to 
be very large until the forward shock reaches the wind 
surface (Figure S}. Hence, narrow H lines, even if they 
are emitted from the dense region of the wind, are scat- 
tered by the dense wind with a large optical depth for a 
long while. Then, U will be very small until the forward 
shock reaches the wind surface and the Lorentzian H lines 
will be very weak. Thus, it is likely that the Lorentzian 
H lines are missed. Detailed modeling is required to see 



the actual spectral evolution expected from the density 
profile of our model. 

4. DISCUSSION 

We have shown that the difference in density slopes of 
dense winds can make a variety of LSNe after the shock 
breakout in the dense wind. Flat density slopes result in 
Type IIL LSNe and steep density slopes result in Type 
Iln LSNe. A model with the shock br eakout in the dense 
wind is recently applied to LSNe by iChevalier fc IrwinI 
()2011D . Their idea for SN 2006gy is basically the same 
as our suggestion for Type Iln LSNe: the shock break- 
out inside the dense wind (x < 1). However, as they 
only consider the case w = 2, non-Type Iln LSNe are re- 
lated to the shock breakout at the surface (cc ~ 1) of the 
dense wind. In this paper, we show that the shock break- 
out does not necessarily occur at the surface to explain 
non-Type Iln LSNe, especially Type IIL LSNe, if the pro- 
genitor star experiences non-steady mass loss. Currently, 
both models can explain Type IIL LSNe. For the case 
of the shock breakout inside the dense wind (x < 1), the 
Lorentzian spectral lines might be able to be observed 
just before the LC peak when a suitable optical depth is 
realized. The detailed spectral observations near the LC 
peak can distinguish the two scenarios. Note that we do 
not exclude the possiblity that steep density slopes can 
become Type IIL LSNe. If the density is high enough 
up to the surface, steep dense winds can end up with 
Type IIL LSNe, i.e., yi becomes close to 1 at x = 1 no 
matter what the density decline is. This configuration 
corresponds to the shock breakout at the surface and ex- 
actly t he same as what is suggested bv IChevalier fc IrwinI 
(|201ll) . 

An important difference between our treatment of the 
shock breakout in a dense wind from those of the previous 
works is that we adopt Equation Q for the shock break- 
out condition instead of Equation ([2]) . If we use Equation 
([2|) , the differences caused by the different density slopes 
are missed. For example, with Equation ([2]), we do not 
expect to see narrow spectral lines from the dense wind 
after the LC peak of all LSNe with shock breakout in 
the dense wind and they are all expected to be observed 
as Type IIL SNe. This is because the forward shock is 
regarded to go through the entire wind at the LC peak 
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in Equation ([2]). 

The different density slope in the dense wind is nat- 
urally expected to be caused by the non-steady mass 
loss of the progenitor just before the explosion^. If Type 
IIL LSNe are actually caused by the shock breakout in 
the wind with td/tg ~ 1, it indicates that non-steady 
mass loss producing the flat dense wind {w < 1) may 
take place just before the explosions of some massive 
stars. In addition, our model for Type Iln LSN 2006gy 
prefers w ^ 2 because Af^ind of the w = 2 model may 
be too small to account for the LC of SN 2006gy af- 
ter the peak. This also supports the existence of the 
non-st eady mass loss at the pre-SN stage of the massive 
stars. iDwarkadas &: Gruszkol ()2012|) show that the den- 
sity slope of the wind estimated from X-ray observations 
of Type Iln SNe is inconsistent with p oc r"^. They show 
that Type Iln SNe do not usually come from the steady 
wind with p oc r~^. X-ray luminous Type Iln SNe are 
presumed to be originated from relatively dense winds 
with high mass-loss rates. Although the wind densities 
of these SNe are not high enough to be LSNe, it is highly 
possible that the dense winds from higher mass-loss rates 
also result in flat or steep density slopes. The presence 
of the two kinds of slopes can end up with two different 
kinds of Type II LSNe. 

So far, we just consider a single slope for the dense 
wind. One essential difference between Type Iln and 
Type IIL LSNe is the existence of the spatially-large 
optically-thin region in the wind of Type Iln LSNe which 
can make narrow P-Cygni profiles. Although we show 
that large w can make such spatially-large optically- 
thin region with the optically thick region inside, the 
similar condition can also be achieved by assuming the 
two components in the wind, i.e., optically thick (inside) 
and thin (outside) regions with any density slopes. The 
two-component wind configuration is suggested for, e.g.. 
Type Iln SN 1998S (|Chugail [200l . Both models can 
explain Type Iln LSNe. In either case, the P-Cygni pro- 
files can be observed not only after but also before the 
LC peak. Currently, there are no spectral observations 
of Type Iln LSNe before the LC peak with resolutions 
sufficient to resolve the narrow P-Cygni profile and the 
high resolution spectroscopic observations before the LC 
peak are important to reveal the wind surrounding LSNe. 

Our model cannot be simply extended to the spec- 
tral evolution of other kinds of LSNe without H lines. 
Especially, Type Ic LSNe with fast LC decline show, 
e.g.. Si and O lines which are not seen in Types II 
LSNe (e.g., lOiiimbv et all 120111: iPastorello et~alTl2010l: 
iChomiuk et al.ll2011[ ). Although it is possible that the 
shock breakout in a dense wind also occurs ii i Typ e Ic 
LSNe as is sugg ested by IChevalier fc IrwinI ()2011[ ). it 
seems to be difficult to attribute the difference between 
Type Ic LSNe and Type II LSNe only to the density 
slope of the dense wind. For example, the composition 
of the wind is presumed to be quite different between 
Type Ic and Type II LSNe. If the shock breakout in the 
dense wind is also taking place in Type Ic LSNe, narrow 
spectral lines from the materials other than H may be 
observed. 

While we focus on the origin of Type IIL LSNe 



in this paper, the understanding of other Type IIL 
SNe, i.e., less-luminous Type IIL SNe, is also lacking. 
Currently, there are many models for Type Iln SNe 
but only a few mode l s exist for Type IIL SN e (e.g., 
iBlinnikov fc Bartunovl Il993t ISwartz et all Il991| ). Al- 
though the diversity in the wind condition may be related 
to other Type IIL SNe, there can be other important, but 
currently ignored, ingredients for the full understanding 
of Type IIL SNe. 

5. CONCLUSIONS 

We investigate the effect of the non-steady mass loss on 
the shock breakout in the dense wind. The non-steady 
mass loss varies the density slope of the wind (p oc r~'^) 
and the density slope alters the ratio of the diffusion 
timescale in the optically thick wind {td) and the shock 
propagation timescale of the entire wind (<s) after the 
shock breakout in the wind. Both timescales are compa- 
rable {td/ts ~ 1) for w < 1 and td/tg becomes smaller as 
w gets larger. This is because the last scattering surface 
of the dense wind locates farther inside from the wind 
surface for the wind with the steeper density gradient 
(Figure [2]). The difference can only be obtained by the 
careful treatment of the shock breakout condition in the 
dense wind (Section [21 Equation ([3])). 

If the two timescales are comparable {td/tg ~ 1), the 
forward shock goes through the entire wind just after the 
LC reaches the peak with the timescale td- In this case, 
no signature on the spectra from the wind is expected 
to be observed especially after the LC peak because the 
entire wind is already shocked after the LC peak. On the 
other hand, if the two timescales arc different (td/tg < 1), 
the shock continues to propagate in the wind after the 
LC peak and the unshocked wind remains after the LC 
peak. Thus, narrow P-Cygni profiles from the wind are 
expected to be observed even after the LC peak. The 
former case corresponds to Type IIL LSNe and the latter 
to Type Iln LSNe. The difference in the density slope 
can also account for the lack of the Lorentzian emission 
profiles in Type IIL LSNe. 

Our results imply that the luminosity of Type IIL 
LSNe can be explained in the context of the shock in- 
teraction between SN ejecta and the dense wind even if 
they do not show the signature of the wind in their spec- 
tra. We propose that the difference between Type Iln 
and Type IIL LSNe can stem from the density slope of 
the dense wind which results from the non-steady mass 
loss of their progenitors. 
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